In this two-part series, Sune and Katarina Suanberg and co-workers focus on the spectroscopic aspects of laser w e inseueral emergingapplications of medical importance. Part I, which appeared in the December 15 issue (l), surveyed laser techniques for atomic and molecular anatyses of samples of clinical interest, spectroscopic analysis of the laser-induced plasma obtained when a high-power pulsed laser beam interacts with tissue, and the use of tumor-seeking agents in combination with laser radiation to provide new possibizities for malignant tumor detection and treatment.
In Part 11, we describe the use of laserinduced fluorescence (LIF) for tumor and plaque diagnostics. The diagnostic 0003-2700/9010362-0 19A/$02.50/0 @ 1989 American Chemical Society potential is increased by including the temporal characteristics of the fluorescence decay. The extension of point monitoring to imaging measurements also is described, together with implications for practical clinical work.
Tumor diagnostics using LIF LIF studies are performed in a laser regime where no change in the tisaue is induced. The photon energy is chosen sufficiently below the limit for DNA photodissociation to avoid mutagenicity.
LIF has proven to be useful for d i a gnostic purposes, and early work was reported by American (2,3) and Chinese radiationless relaxation to the bottom of the excited band then occurs on a picosecond time scale. The molecules remain here for a typical lifetime of a few nanoseconds. Fluorescent light is released in a broad band, which does not normally exhibit any sharp features. Intersystem crossing to the triplet state, intemal conversion, and the transfer of energy to surrounding molecules are strongly competing radiationless processes. Tissue containing hematoporphyrin derivative (HPD) molecules will exhibit sharp spectral features in the red spectral region.
In exploiting tissue LIF for medical diagnosis, it is useful to start with de7ATlON ( 4 4 groups as well as by our research group (7,8). The ground state and the first excited electronic levels of large molecules such as biological ones me broadened by vibrational motion and interactions with surrounding molecules. Thus, absorption occurs in a broad band, allowing a fixed-frequency laser such as the nitrogen laser (X = 337 nm) to be used for the excitation. A tailed laboratory studies of tissue samples. In most of our studies, a N2 laser emitting 5 4 s pulses at 337 nm has been employed for excitation; a XeCl excimer laser (A = 308 nm) and an excimer-pumped dye laser have also been used. The radiation is directed onto the sample by mirrors. Fluorescent light is collected and directed to an optical multichannel analyzer system that captures the entire fluorescent light distribution for every laser pulse. The system incorporates a gated image-intensified diode array detedor that is placed in the focal plane of the small spectrometer. The detector gating, normally set to 500 ns, makes it possible to suppress continuous background light while collecting all fluorescent light. Spectra can be stored on floppy disks and printed out on paper. Fluorescence intensities are measured according to a standard.
INSTRUMEN7ATlON
For clinical fluorescence studies we have used a similar system that is equipped with a fiber-optic probe.
Light from a Nz laser or a dye laser pumped by the fixed-frequency laser is focused into WO-hm-diameter quartz fibers via a dichromic beam splitter that reflecta the W light but transmits all visible radiation. Fluorescent light from the sample is collected by the same fiber and is directed to the entrance slit of the optical multichannel analyzer system. The fiber can be inserted through the biopsy channel of an endoscope for investigations of corpular lumina (9).
As a first illustration of tissue diagnostics, data from a fluorescence scan through an experimental malignant brain tumor in a rat are shown in Figure 1 (10) . The animal received an injection of dihematoporphyrin ether/ ester (DHE) corresponding to 1 mg/kg body weight before the investigation. The recorded spectrum on the left shows a clear signature of DHE in the 600-700-nm wavelength region that was obtained using 337-nm excitation. In the right-hand part of the figure, the HPD signal is absent in normal brain tissue. In addition, the bluish autofluorescence is strongly reduced in the malignant tumor tissue.
To display these observations more quantitatively, the intensity at 630 nm was evaluated as the signal A' . By subtracting the background, we obtain the intensity A; the blue fluorescence intensity at 470 nm is denoted by B. In the plot the strong contrast enhancement obtained by using the background-free intensity A is demonstrated, and the decrease in the autofluorescence intensity is clearly displayed. By forming the ratio A B , contrast can be further improved, as illustrated in Figure 1 . Such a ratio forms a dimensionless quantity, which has the attractive feature of being independent of surface topography and variations in distance, excitation, and detection efficiency.
We have performed extensive studies in tissue fluorescence diagnostics in rats(7,8,1r%l3)toexploretheeffectof drug uptake and retention, tissue autofluorescence, and optimization of excitation wavelength. We have also compared the tumor-marking capability of different sensitizers. As an example, fluorescence spectra from tumors in rats injected with 15 m g k g body weight are shown in Figure 2 for 337-nm excitation (13). An interesting feature of polyhematoporphyrin ester (PHE) is that the fluorescence peak is found further to the red compared with the other porphyrins. PHE is a highly aggregated and stable substance, whereas DHE still contains a suhstantial fraction of monomers. This might indicate that PHE is not converted to monomers in tissue, which is probably the case for DHE. This theory is supported in the study of HPD using the HPLC method (illustrated in Part I of this series), where a fluorescence red shift was found for the more aggregated components.
Human tumor demarcation is illustrated by data from a fluorescence study of a metastasis of recurrent breast cancer ( Figure 3 ). The patient received 2.5 m a g body weight of DHE one day before the study (14,15). Again, the tumor exhibited an increased red fluorescence and a decreased blue autofluorescence, which in combination yield a distinct tumor demarcation. calcifications (Figure 4) . The surface of the lesion consists of fibrotic constituents such as collagen and elastin. The pigment @-carotene is also present in plaques. When the damage has reached a serious level, calcification also occurs at the surface and the endothelium is severely disrupted, with the potential for thrombosis formation. The removal of plaque in diseased or obstructed vessels by laser radiation administered through a fiber-optic light guide (laser angioplasty) is an extremely attractive possibility (16, 
Plaque dlegodtlcs uslng LIF
The first fluorescence experiments aimed at spectroscopic guidance in laser angioplasty were reported by Kittrell et al. (18). who used excitation at 480 nm. We find that by using Nz laser excitation at 337 nm, prominent differences between atherosclerotic plaque and normal artery wall can be found in fluorescence spectra-for both large vessels, such as the aorta and pulmonary arteries, and small ones, such as coronary vessels (19,ZO). Examples of spectra can be found in Figure 5 (19) . The intensities at 390, 415, 480, 580, and 600 nm are evaluated as signals a, b, c, d, and e, respectively. We have experimented with different dimensionless contrast functions to obtain good discrimination between plaque and normal tissue. As can he seen from the fluoreseenee scan shown in the fgwe, ratios such as a/c and b/c discriminate well between plaque and normal artery wall, whereas d/e does not.
Fluorescence studies of arteries have been performed by several groups using different excitation wavelengths measurement fiber could strongly affect the spectral characteristica of the fluorescence spectrum. Thus, for reliable clinical applications, the plaque identification criteria must be largely independent of blood.
One way to achieve this is to evaluate the fluorescence intensities at two wavelengths where the blood absorption is the same, so that the blood interference is eliminated when a ratio of the absorptions is formed (19, 25) . Such a wavelength pair is 380 and 437 nm. Another poasibility is to use the temporal characteristics of the fluorescence decay. We have recently shown that the signal attributable to plaque has a longer decay time than normal nondiseased vesael wall, as illustrated in Figure 6a (26) . A synchronously pumped dye laser was cavity dumped, and the 6-pa pulseg were frequency doubled to 325 nm in these studies.
The lifetimes are actually long enough to allow the use of a N P laser with 3-ns pulses in conjunction with a dual-channe1 boxcar integrator, as illustrated in cenee (&5 ns). By dividing the signals, a higher value is obtained for the slowly decaying plaque fluorescence than for the normal wall.
In Figure 7 , the different tissue types can be readily identified when the fiber-optic probe is moved from spot to spot. Because the detection is performed at a single wavelength (400 nm) for which liiht aixorption has a higher cross section than scattering in blood, and because the blood is noufluorescing, the blood acta only ae a passive light attenuator and does not influence the fluorescence decay. Time-resolved fluorescence monitoring using porphyrin localizers is another way to achieve enhanced tumor detection. The HPD fluorescence at 630 nm has a longer decay time than the autofluorescence hackground at the same wavelength, as illustrated in Figure 6b for the case of the rat tumor (27) . Thus, by gating the detection system for late fluorescence, the HPD signal can be recorded background free.
Point monitoring for clinical work, aimed particularly at HPD-assisted tumor detection, has been constructed. Filter spectrometers (28-30) and optical multichannel detection (31-32) have heen employed.
Fluorescence imaging
Medical imaging based on computerized X-ray and NMR tomography has recently reached an advanced state of development. Clearly, fluorescence imaging systems with contrast enhancement as discussed above would be of considerable interest. However, normally one must make a choice between monitoring the whole LIF spectrum at one point and monitoring a spatial re-NO. 1, JANUARY 1. 1990 gion in one fluorescence band. Using special optical arrangements and employing contrast functions of the type discussed above, an interesting combination of these two possibilities can be achieved (33). We will describe the development of a multicolor imaging system now under way in our laboratory  ( 3 4 , s ) .
To obtain spatial and spectral resolution simultaneously, we divide the fluorescence light with a multimirror arrangement, as shown in Figure 8 (25) . The object is illuminated with a UV light source, which may be a laser or a flashlamp. Using a spherical mirror divided into four individually adjustable parts, it is possible to arrange four identical images as quadrants in an intensified matrix detector (charge-coupled device, or CCD detector). An interference filter arrangement in front 'Me? of the split mirror is used to filter out individual transmission hands for the four images. From the four images a dimensionless contrast function is calculated for each spatial location using vector processor (35) . An example of the simultaneously recorded images is shown in Figure 9 . When linear mathematical operations such as image suhtraction are performed, a system calibration accounting for different detector efficiencies in two channels must be applied. For precision processing, imaging vignetting and geometrid distortions must be eliminated. The imaging correction information is provided by a well-defined fluorescent test image.
Modern microchannel plate image intensifiers are gateable down to at least 5 ns. Thus contrast can be further enhanced by combining images of early fluorescence with images of late fluorescence. As discussed above, this time response is sufficient to allow time-resolved imaging of plaque in a bloodfree inspection field and for enhanced tumor demarcation. Image equipment monitoring the fluorescence from a certain area in a given fluorescence band has been constructed by Profio and eo-workers (36, 37) . Such instnunentation has also been used succegsfully for the detection of human bronchogenic tumors. In one construction, Profio and co-workers have demonstrated that background can he intermittently subtracted by switching to a blue-transmitting fiiter (38) .
Future trends
Lasers in conjunction with fiber optics provide new and fascinating possibilities for the detection and treatment of human malignancies as well as heart and circulatory system diseases. Furthermore, discomfort that results from gallstones and kidney stones can he alleviated. Substituting simple fiber-optic procedures for traumatic major surgery is a challenge for doctors in collaboration with physicists.
Optical spectroscopy of laser-induced phenomena in tissue is rapidly increasing in importance. Fluorescence diagnostics of tissue has potential as a ire B. Two-dimensional fluorescence inage of an aortic sample with an atbere rotic plaque in the lower lefl corner. clinical aid both for localizing small occult malignant tumors and for ensuring proper surgical removal. It is important to use all information available in the spectral and temporal domains, panicularly in the effort to keep the concentration of tumor.seeking agents at the lowest possible,level to reduce light hypersensitization of the skin. New photosensitizers with attractive properties are being developed. Tissue autofluorescence also provides interesting possibilities for enhanced tumor localization and for plaque demarcation. In using autofluoresceme, one must pay attention to eliminating the influences of strong and nonspecific chromophores, such as those in hemoglobin.
Point monitoring or imaging systems employing LIF also have important applications outside the field of medicine, where they were first used. Other applications include industrial (39) (40) (41) and environmental monitoring (42. 
